In order to conduct uniaxial tensile tests for hot stamping applications, tests are normally performed by using a Gleeble thermo-mechanical materials simulator so that rapid heating and cooling processes can be obtained. However, temperature gradients in a specimen tested on Gleeble are inevitable due to resistance heating principles and heat loss to grips and water-cooled jaws. In this research, a pair of purpose-built grips made of stainless steel with low thermal conductivity and significantly reduced contacting area for clamping, as well as a flat dog-bone specimen with maximised parallel length (80 mm) were designed, for the purpose of improving the temperature uniformity within the concerned gauge section area of the specimen. Uniaxial tensile tests on AA6082 were performed, after controlled heating and cooling processes, at constant deformation temperatures in the range of 400 C-500 C and at constant strain rate in the range of 0.1-4/s, to simulate its hot stamping conditions. The digital image correlation system was adopted to enable strain distributions in specimens to be measured. The temperature distributions in specimens were investigated and an effective gauge length of 14 mm was specified accordingly to ensure temperature gradients less than 10
Introduction
Uniaxial tensile testing is the most commonly used method to obtain basic mechanical properties of materials, such as ductility, yield strength, tensile strength, strain and strain-rate hardening behaviours. Standards [1] [2] [3] for uniaxial tensile tests have been developed to define testing procedures, specimen designs, strain and load measurements for different applications, which enable test data for different materials to be determined and compared. They are applicable to tests under isothermal conditions or within a small permitted temperature deviation within the gauge length region of a specimen.
One of the most important issues of uniaxial tensile tests is the method of strain measurement in the case of pure uniaxial tension at different testing conditions. Strain measured within the gauge section is the average value over the gauge length for generating stressstrain curves. In order to reduce the effect of necking, after uniform elongation, on measured results in uniaxial tensile tests, a relatively large gauge length is normally used to measure the average value of strain. According to the ASTM and ISO standards [1] [2] [3] of uniaxial tensile testing, the ratio of gauge length l and width w for the dog-bone specimen is normally 4-6. Hot stamping and cold die quenching has been developed for the manufacturing of ultra-high strength steel and aluminium components for sheet metal forming applications. In hot stamping processes, metal sheet with high quenchability is heated up to a temperature to obtain a solid solution microstructure, then the sheet is transferred to a cold tool and simultaneously formed and quenched, from which it emerges fully hardened. 4 Heating and cooling rates are critical during these processes. For applications to light alloys, the process is patented and named solution heat treatment, forming and colddie quenching (HFQ Õ ). 5 HFQ Õ is a novel process proposed to improve conventional warm or hot forming processes of lightweight alloys. In a typical HFQ Õ process, metal sheet of light alloy is heated to the specific solution heat treatment temperature, and then transferred the sheet to a cold tool, formed and quenched. Important aspects of HFQ Õ forming include heating rate, quenching rate, deformation temperature and strain rate.
In order to characterise the thermo-mechanical properties of light alloys applicable to HFQ Õ applications, rapid heating and cooling on a specimen must be the integral part of a uniaxial tensile test; therefore, conventional hot uniaxial tests operated in an oven or furnace is impractical. Performing uniaxial tests in a Gleeble, which is a materials thermo-mechanical simulator, is an alternative method since it has facilities to fast heat and cool a specimen at any stages in a deformation cycle. A short parallel length of 6-38.1 mm of a specimen is usually designed, by Li and Ghosh, 6 Yang et al., 7 Bok et al. 8 and Gui et al., 9 for testing under hot stamping conditions in a Gleeble in order to achieve high heating and cooling rates. However, the temperature gradient along the gauge section of a specimen is difficult to eliminate in this case because of the heat loss from the clamped ends of the test-piece during resistance heating. The non-uniform temperature distribution within the gauge length of a test-piece results in inhomogeneous deformation. In order to minimise the temperature gradient in the gauge region, a large parallel length could be used to improve uniformity of temperature distribution because, the clamps being further away, the effect of heat loss would be reduced. Besides, a large gauge length can reduce the effect of localised necking on the measurement of average true strain. In this case, because of the temperature variations along the specimen parallel length, the parallel length then cannot be used to calculate the average strain for stress-strain curves and the gauge length needs to be redefined. The average values of strain measured over the gauge section and the measured stress-strain relationships are heavily affected by the definition of gauge length of the specimen. The definition of an effective gauge length is therefore critical in order to determine an accurate stress-strain relationship.
Based on the above considerations, the design of a sheet metal tensile specimen needs to be investigated and to be used for obtaining mechanical properties applicable to hot stamping operations. Unfortunately, there are no standard methods to define specimen gauge length for uniaxial tensile tests on a Gleeble for the materials under hot stamping conditions. Several different specimen designs and heating methods for testing on a Gleeble have been proposed aiming to obtain uniform deformation within gauge section. Lee et al. 10 adopted a notched tensile test specimen of boron steel. Abspoel et al. 11 proposed a complicated specimen with four branches connected by cables. Lindeman 12 invented a technique for applying directly resistance heating to a conductive metallic specimen by using a pair of special conductive collars. However, all these techniques increase complexity and it is hard to obtain uniform temperature distribution in the entire parallel length of a specimen. In practice, traditional dog-bone specimens are still used by most researchers to determine the mechanical properties, such as dogbone shaped specimen by Li et al. 13, 14 and Dumoulin et al. 15 A number of tests have been conducted for alloys under hot stamping conditions, but the data are largely scattered and incomparable. This is mainly due to the lack of understanding of errors in strain measurements in uniaxial tensile testing. Little research has been undertaken on the accuracy of stress-strain characteristics obtained from tests on a Gleeble due to the existence of temperature gradients in the specimen.
Regarding the strain measurement method, a dilatometer (lateral extension gauge as shown in Knorovsky et al. 16 ) is commonly used for the lateral strain measurements in a Gleeble, unless it is placed precisely at the point at which necking and fracture occurs, it will not give accurate results. Also, lateral deformation is converted to longitudinal deformation by assuming pure uniaxial deformation and this would result in large errors in calculating the axial strain after localised necking occurs. Using the digital image correlation (DIC) system is an alternative approach for strain measurement and it can measure full-field strains during deformation history, as shown in Vacher et al. 17 This technique has been used and improved in various technological domains, including anisotropic plasticity by Lecompte et al. 18 and materials modelling by Pottier et al. 19 Merklein and Lechler 20 investigated the flow behaviour of boron steel for hot stamping applications using the DIC system, but the definition of gauge length was not mentioned and the ductility of the material was not shown; therefore, the accuracy of this method for strain measurement needs to be discussed.
This study is aimed to analyse the method of strain measurement for testing in a Gleeble under hot stamping conditions and to undertake an error analysis of strain measurement caused by temperature gradient in uniaxial tests. Uniaxial tensile tests were conducted at various strain rates and temperatures to characterise thermo-mechanical properties of an alloy and FE models with physically based constitutive equations were used to facilitate the error analysis of measured stress-strain curves.
Experimental programme and data processing

Materials and specimen design
A sufficient ratio of 10 between gauge length l and width w was defined for the specific uniaxial tensile test since a long parallel length is beneficial for reducing the temperature gradient in the specimen. The width and the nominal length of the parallel gauge section are 8 mm and 80 mm, respectively. The parallel length of 80 mm was defined for this application by taking into account the stroke limit of the Gleeble.
The design of the flat dog-bone type specimen is shown in Figure 1(a) . The thickness of the specimen is 2.0 mm and the rolling direction is parallel to the gauge section. Thermocouples were welded on the mid-width line of the specimen along the gauge section in order to monitor the temperature distribution during the tests in a Gleeble. The six locations are marked with T1 (mid-length), T2 (5 mm from midlength), T3 (7 mm from mid-length), T4 (10 mm from mid-length), T5 (15 mm from mid-length) and T6 (30 mm from mid-length), as shown in Figure 1 (b). T1 was monitored and used for the control of heating and cooling processes during testing. AA6082-T6 was used as the sample material from which the specimens were machined. The chemical compositions of the material contain Al (97.21%), Si (0.87%), Fe (0.33%), Cu (0.026%), Mn (0.51%), Mg (0.97%), Cr (0.044%), Zn (0.025%) and Ti (0.016%). AA6082 is a precipitation-hardenable medium-strength alloy and it is extensively used in the automotive industries due to its high strength-toweight ratio, good corrosion resistance and good formability. 21 The material, size and features of grips have effects on the temperature distribution of a specimen clamped in a Gleeble. It is critical to choose a size which does not exceed the heating capacity of the machine and avoid overloading the Gleeble mechanical system. For uniaxial tensile testing using a flat dog-bone specimen, flat grips with a dowel pin to hold the specimen are usually used. However, the surface of a flat dog-bone specimen faces to the top of Gleeble test chamber by using Gleeble standard grips, which causes the camera of the DIC system cannot capture the image of specimen surface.
A set of purpose-built grips designed to clamp specimens and to make the specimen surface parallel to the high-speed camera are shown in Figure 2 (a). The grips are made of stainless steel to reduce the heat transfer from specimen to grips within clamping region. Large grooves and textured surface are machined within the contact region with the specimen on the grips in order to decrease the contact area and thus reduce the heat loss from the clamped regions of the specimen during the testing. Two screw bolts and one pin for each pair of grip were used to fix the specimen and the specimen dimensions of the enlarged ends were compatible to that of the grips. and covered by an irregular white dot pattern in order to create a speckle-like pattern for DIC analysis. Specimen dimensions of the enlarged ends were compatible to those of the grips.
Experimental procedure and data processing
The tensile tests were conducted on a thermo-mechanical testing machine, Gleeble 3800. The DIC system with a high-speed camera was adopted to record deformation history of the specimen during the stretching of the material. The specimen was painted using spray painting withstanding temperatures up to 1093 C. The set-up of the uniaxial tensile test in the Gleeble is shown in Figure 3 (a). Inside the Gleeble chamber, the wide surface of the specimen was turned to face the camera and placed perpendicular to the camera lens by clamping with the pair of purpose-built wedges. Two flat-head nozzles connected to the air cooling system were adopted to perform air cooling to the front and the back sides of the specimen. The entire specimen could be cooled by using this type of nozzles during a cooling process and control temperature T1 is monitored to follow the programmed temperature profile by adjusting the flow rate of cooling air to a proper level after trials.
Figure 3(b) shows the specified temperature profile for AA6082-T6 under HFQ Õ conditions. It comprises continuous heating, isothermal soaking, quenching, and deforming at elevated temperatures. The material was heated to 535 C, suggested by Garrent et al., 22 which is for solution heat treatment, with a heating rate of 50 C/s and subsequently soaked for 5 min, which is sufficient and conservative, to complete solid solution of alloying constituents. Then, the material was then quenched to a deformation temperature ranging 400-500 C (mid-length temperature) at a quenching rate of 100 C/s and held for 1 s to stabilise the temperature. Subsequently, the specimen was stretched at a constant deformation strain rate of 0.1-4 /s to cover the strain rate range in hot stamping practice as typically it can go up to 1 /s. Another reason to choose 4 /s as upper limit was based on the test set-up on Gleeble to avoid excessive dynamic effect on the results. For each test condition, the real temperature profile was checked carefully and the agreement with the programmed test temperature was ensured. It is emphasised that the temperature only on the central point (T1) can be controlled precisely during the tests due to the resistance heating method adopted.
The temperature distribution without stretching specimens was measured at different temperature conditions. Table 1 shows the average values of temperatures measured by each thermocouple in an undeformed specimen after heating and cooling processes. T1, T2, T3, T4, T5 and T6 are 0, 5, 7, 10, 15 and 30 mm away from the specimen mid-length, respectively. Due to the large temperature gradient which causes non-uniform deformation within the parallel length from beginning, a new gauge length needs to be defined, which is named as effective gauge length. It was initially defined to be 14 mm, where the temperature drops are within 10 C for each test conditions. Averaged deformation in longitudinal direction within the effective gauge length of 14 mm and total force over the area of specimen cross section were measured for calculating engineering strain and engineering stress, which were then converted to logarithmic true strain and true stress. The true stress-true strain curves under defined test conditions are shown in Figure 5 (a) and (b) in symbols. The error analysis of the true stress-strain curves is performed in the discussion section.
The frame rates of the high-speed camera were selected as 100-1000 fps depending on the chosen values of tensile strain rate. In Figure 4 (a), which shows stages of deformation, t is deformation time and t f is the final stage time before fracture. The full field of axial strain was obtained from data processing by the optical strain measuring system ARAMIS software, as shown in Figure 4 (b). It can be seen that the deformation in the specimen was not uniform within the entire parallel length section, which results in the heterogeneous axial strain distribution.
Comparisons between experimental and computational results
Constitutive equations
The properties of heat treatable AA6082 are affected by deformation temperature and strain rate. A set of unified uniaxial viscoplastic damage constitutive equations for describing the HFQ Õ process of aluminium alloys is formulated below, developed based on previous study by Mohamed et al., 23 in which the time-dependent phenomena and the thermomechanical response of AA6082 under HFQ Õ conditions are modelled, such as work hardening, recovery and damage evolution, based on the mechanisms of dislocation-driven evolution processes.
Equation (1) is the flow rule, in which plastic strain rate _ " p is formulated by using the traditional power law with damage ! taken into account, where k represents the initial yield point and R represents the isotropic hardening. Isotropic hardening R is represented by a function of the normalised dislocation density " ( " ¼ 1 À 0 =, where 0 is the initial dislocation density and is the instantaneous dislocation density during deformation), where evolution rate of isotropic hardening _ R is given by equation (2) and the evolution rate of normalised dislocation density _ " is given by equation (3). The two terms of equation (3) represent the accumulation of dislocations and static recovery. A and n 2 are temperature-independent material constants. The damage evolution ! in equation (4) used for AA6082 was proposed based on the theory of the growth and nucleation of voids. It is an improved expression from the version developed by Khaleel et al. 24 for damage evolution due to void growth, which was investigated by El Fakir et al. 25 The flow stress is defined in equation (5) with the consideration of damage of the material during hot deformation, 23, 26 where E is Young's modulus and is the flow stress. Equations for temperaturedependent material constants are shown below, taking the form of Arrhenius equations
Equations (1) to (5) are a set of non-linear ordinary differential equations which can be solved according to the initial values (at time t ¼ 0) given for each equation by using numerical integration techniques. 26 All the initial values of the state variables in equations (1) to (5) are 0. The zero value of damage ! represents the initial state of the deformation and the ! value of 0.7 was taken as the criterion for the material failure in order to improve the computation efficiency. All material constants in the equations (1) to (14) were calibrated from fitting the numerical integrated true stress-true strain curves of AA6082, at different temperatures and strain rates, to the corresponding experimental results. The forward Euler method was adopted for numerical integration and the trial and error method was used based on a deep understanding of the physical meaning of each state variable and constant. The values of Young's modulus E at different temperatures are obtained from a materials handbook by Kaufman. 27 The determined constants are shown in Table 2 . Figure 5 shows a comparison of the true stress-true strain behaviour computed by numerical integration of the material model and that obtained from the uniaxial tensile tests. Good agreement has been obtained for AA6082 at all testing HFQ Õ conditions. The determined constitutive equations for AA6082 were then implemented into the Finite Element program ABAQUS 6.12 through a VUMAT user defined subroutine.
FE models
The FE model developed in ABAQUS 6.12 using one quarter of the specimen coupled with thermo-electrical and thermo-mechanical conditions is shown graphically in Figure 6 .
The simulation was developed in two steps, namely thermo-electrical simulation and thermo-mechanical simulation. The thermo-electrical FE analysis was used to simulate the heating process and then to predict temperature distribution in a specimen. UAMP was used as the user-defined subroutine of ABAQUS to adjust the numerical value of current density in the FE model by comparing the difference between the FE calculated temperature and the corresponding experimental results of temperature in the specimen, which was developed by Shao et al. 28 and can simulate resistance heating. The central node in the FE model was selected as the controlling location of T1. If the difference between the calculated temperature at the central node and the predefined temperature at corresponding increment time is less than or equal to 0.1 C, the value of current density input to the FE model remains, otherwise, the value of current density would be adjusted at the next increment of time. In order to obtain an agreed temperature distributions in the thermo-electrical FE simulation for following thermo-mechanical analysis, the value of heat transfer coefficient was used as 8000 Wm À2 K
À1
, which was determined empirically for the best fit between the simulated thermal results and the measured results of temperatures, and the temperature in clamping region was used as 170 C, which was measured experimentally. The sink temperature of clamping region was validated experimentally. Convention heat transfer to the air was directed to the clamping area of the specimen in order to simulate the heat loss within the clamping region. Concerned gauge section in the specimen was meshed finely. The mesh size increased to a coarser one from the mid-length to the end, in order to improve the calculation efficiency.
When a temperature profile was obtained after the first step simulation, it was imported to the explicit thermo-mechanical FE model. This method of analysis was used to simulate the deformation of the specimen by using the same geometrical model with the same mesh quality as for the thermoelectrical model. Symmetrical boundary conditions were applied and the same relationship of timedisplacement as in the experimental work was input to the FE model implemented with VUMAT subroutine with the set of constitutive equations introduced in the last section.
Results of thermo-electrical analysis
The temperature distribution, before deformation, in the tensile test was measured for different nominal values of temperature using welded-on thermocouples and the results are shown in Figure 7 , and for comparison, symbols representing the temperature measured using thermocouples T1, T2, T3, T4, T5 and T6 are included. All data were measured and averaged at the soaking temperature within a certain soaking time of 15 s after the solution heat treatment and cooling processes. Good agreement exists between experimentally measured and computed temperature values; therefore, an accurate temperature field was simulated in the FE model. A temperature gradient is evident along the gauge length which exceeds 100 C between that the position of T6 (30 mm from mid-length) and that at the centre. Temperature drop of less than 9 C was achieved within the defined effective gauge length. Measured and computed temperature differences between T1 and T3 are shown in Table 3 . Table 2 . Values of material constants for equations (1) to (14) . 
Results of thermo-mechanical analysis
Tensile test modelling was performed for various temperatures (400-500 C) and strain rates (0.1-4 /s). t f is the time to fracture of a test counted from the starting of deformation of the specimen at a defined deformation rate. During the stretching of the specimen, the temperature distribution remained the same as that at the time point after the cooling process.
Comparison of experimental (symbols) and FE predicted (solid lines) true stress-true strain curves, measured based on the defined effective gauge length 14 mm, at various testing temperatures and strain rates, is shown in Figure 8 . A fairly good agreement between experimental and predicted stress-strain relationships at the beginning of the deformation (true strain < 0.25) can be observed, which is important for the prediction of drawability of materials. However, there is apparent disagreement between experimental and computed results on strain to failure. This could be due to the fact that the material constants in the constitutive equations were calibrated based on experimental uniaxial tensile data obtained by assuming uniform temperature within the gauge length area (detailed in section Experimental procedure and data processing); however, by successfully simulating the real temperature fields in the FE model, the deformation within gauge length could not be uniform from the beginning due to the temperature gradients. Therefore, the specimen encountered triaxial stress state rather than uniaxial due to the non-uniform deformation. In this case, the longitudinal strain along gauge length is not uniform anymore and the value of the strain in the longitudinal direction at the necking region is higher than the average strain in the defined gauge length. In other words, the real strain progressed faster than the measured strain within the defined gauge length (which is taken as effective strain in the study), thus it corresponds to a premature fracture in the flow stress curves, in Figure 8 . In addition, the damage model which can simulate the reduction of stress after necking was used in the FE simulation, thus the necking was developed more quickly once a localised deformation was triggered and thus caused premature failure. At the late stage of deformation, a slightly higher level of flow stress in FE simulation results compared to experimental results for all curves could be induced by a higher level of strain rate (strain rate hardening) caused by more localised deformation. The temperature of the specimen perhaps had a slight rise during the experimental plastic deformation at a high tensile strain rate of 4 /s caused by generated internal energy. This causes the strength of the material to be slightly lower than that at designed temperatures. The FE model did not take this factor into account, which is the reason that the stress level of the simulation result is relatively higher than the experimental result at the strain rate of 4 /s. Similar results were observed for the simulation at the strain rate of 4 /s, at 450 C and 500 C. It is suggested that the generated internal energy should be calculated in future hot stamping simulations. Based on the above analysis in Figure 8 , it can be concluded that the FE model with the userdefined material model, which is determined based on the adopted experimental method for strain measurement, can be used to predict the material flow stress response during deformation, but it is lack of accuracy in predicting failure for AA6082 under HFQ Õ conditions.
Discussion and error analysis Accuracy of axial strain measurement
The averaged values of strain used to plot true stresstrue strain curves of the material largely depend on the definition of effective gauge length; however, the measurement of local axial strain from the DIC system is accurate regardless of the intended value of effective gauge length used to calculate average effective true strain. Local strains are measured based on the element lengths in both DIC processing and FE simulation. The element lengths are 0.7 mm and 0.25 mm, in DIC analysis and FE model, respectively. The local axial strains at the given locations, shown in Figure 9 , were calculated by linear interpolation of local axial strains measured from the adjacent elements, for both DIC and FE systems. The local axial strain should be uniformly distributed and consistent in the specimen for isothermal pure uniaxial tension, prior to onset of localised necking. In order to better compare the evolution of experimentally measured and FE computed axial strain, the time scale of both forms of deformation are normalised to 0-1.0. For each form, the time of the final stage of tension is defined as t f , and correspondingly the normalised time is given by t/t f . Figure 9 shows a comparison of experimental and FE calculated axial strains at the central (mid-length) and T3 (7 mm from mid-length) locations of the specimen, tested at (a) 400 C and (b) 500 C and the strain rate of 1 /s.
In Figure 9 , it can be observed that the local axial strain is not uniform along the gauge length because of the temperature gradient in the specimen and the difference increases with the accumulation of tensile deformation. A higher strain level at the centre which increases with time can be observed using the DIC system compared to the FE simulated result, but good agreement can be found at the T3 location which is the end of the chosen effective gauge length. The overall consequence is that the average value of effective true strain measured by DIC within the effective gauge length to be higher than which the FE model predicts (see Figure 8) .
The non-uniformity of axial strain distribution in the gauge length region is higher when the deformation of the specimen is at a higher temperature since the temperature drop is larger according to the measured results of temperature, as shown in Table 3 . Figure 10 (a) shows the local axial strain distribution at different stages of deformation when the specimen was deformed at the temperature of 400 C and the strain rate of 1 /s. It clearly shows good agreement between the computed and experimental results when the normalised deformation time t/t f is less than 65%; that is before severe localised necking occurs, while diffuse necking is already going on from about 0.3 true strain. Severe localised necking is hard to simulate in this FE model because of element distortions. Figure 10(b) shows the ratio of local axial strain " at different locations along the gauge length to the average strain " A over the effective gauge length of 14 mm at 50% normalised deformation time, that is t/t f ¼ 0.5. Local axial strain variation is relatively smooth with no discontinuities, which indicates that no occurred localised deformation affects the average value of strain. The results and analysis presented above show that the FE simulation model with the implemented constitutive equations can provide reasonable prediction of the deformation characteristics, with appreciable errors, before severe localised necking takes place (i.e. t/t f < 0.65).
Analysis of axial stress
Local axial stress values ( 1 ) along the gauge length from the FE model can be used to investigate axial stress distribution, which cannot be done experimentally. The average true stress A within effective gauge length was calculated based on the values of average engineering stress (tensile force over original cross-sectional area) and average engineering strain over the defined effective gauge length. For isothermal uniaxial tension before necking arises, the ratio of local axial true stress and average true stress 1 = A ¼ 1.0. The value of 1 = A along the gauge length at different stages of deformation at designed temperature of 400 C and strain rates of 0.1 /s and 1 /s are plotted in Figure 11 . It is close to 1.0 during the initial deformation, but large deviations can be observed with the increasing deformation. The value of the ratio decreases away from the central location of the specimen and it reaches the value of 1.0 around 4 mm. The average value of 1 = A is very close to 1.0 within the half of the defined effective gauge length of 7 mm, which results in the variation in local stress having little effect on the accuracy of calculation of stress-strain relations.
Conclusions
In this research, it is the first time to evaluate errors in uniaxial tensile tests under hot stamping conditions tested using Gleeble. Specially designed specimen and grips were adopted to reduce the temperature gradients along specimen gauge region compared to conventional grips used in a Gleeble. An effective gauge length of 14 mm was defined, based on the criterion of temperature gradient less than 10 C within the specified gauge section, to measure the average strain for AA6082 under hot stamping conditions. It is found that, even though, the material model determined from such experimental measurements brought appreciable errors in FE simulations, it could be used to investigate the relative error of flow stress and deformation characteristics up to certain stage before severe necking. The non-uniform temperature field, even with only 10 C deviation in the concerned region (effective gauge length of 14 mm), could cause non-uniform deformation from beginning and consequently triaxial state with variation in local stress long the gauge length. This will draw attention of researchers to the accuracy of thermo-mechanical tensile tests of sheet metals using a Gleeble for hot stamping applications, and encourage the improvement of grips and specimen design for uniform temperature field in future studies.
The research results and analysis would provide a guidance to evaluate the errors of measured stressstrain responses caused by temperature gradients in a specimen, which will be significant for future development of testing standard for materials deformed under hot stamping conditions.
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